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Solar  thermoelectric  power  generation  is  known  as  an  economic  way  to  utilize  the  full  solar  spectrum 
energy  with  less  dependency  on  daylight  and  weather  conditions. 

Despite  recent  advances  in  the  development  of  efficient  thin  film  thermoelectric  materials,  micro¬ 
fabrication  techniques  for  batch  processing  of  solar  thermoelectric  power  generators  have  not  yet 
been  pursued.  This  is  mainly  associated  with  the  efficiency  loss  and  low  fabrication  yield  resulting  from 
the  small  thickness  of  the  thermoelectric  layers.  To  address  these  issues,  a  planar  thin  film  solar  ther¬ 
moelectric  generator  has  been  designed  and  optimized  for  micro-fabrication  processing.  This  planar 
design  possesses  two  attractive  benefits.  First,  the  length  of  the  thermoelectric  element  can  be  flexibly 
optimized  since  it  is  not  the  same  as  the  thickness  of  the  deposited  film.  Second,  deposition  and 
patterning  of  both  n-  and  p-type  thermoelectric  layers  can  be  easily  done  using  conventional  micro¬ 
fabrication  techniques.  The  application  of  thin  film  infrared  reflecting  coatings  to  enhance  the  effi¬ 
ciency  was  further  considered.  Theoretical  analysis  shows  that  the  efficiency  of  this  micro-machined 
solar  thermoelectric  device  is  comparable  with  the  conventional  solar  cells  while  providing  a  less 
interruptive  source  of  energy. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Solar  energy  has  grown  into  various  ever-evolving  technologies 
through  the  years  such  assolar  heating,  passive  solar  building  de¬ 
signs,  photovoltaic,  and  solar  thermal  electricity.  Solar  heating  is 
perhaps  the  oldest  one  which  is  based  on  collecting  heat  by 
absorbing  sunlight  such  as  in  solar  hot  water  generation  systems 
[1,2  .  The  sun’s  energy  can  also  be  passively  used  for  the  heating 
and  cooling  of  buildings  where  part  of  the  building  is  used  to  store 
the  solar  heat,  or  to  generate  air  flow  for  cooling  purposes  [3].  The 
photovoltaic  is  based  on  electron-hole  excitation  by  solar  photon 
absorption  to  generate  electric  power  [4,5].  Solar  thermal  elec¬ 
tricity,  on  the  other  hand,  being  significantly  more  efficient  than 
photovoltaic,  uses  concentrated  sunlight  for  electric  power  gener¬ 
ation  using  mechanical  heat  engines  [6,7]. 
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There  have  been  significant  progress  in  the  development  of 
thermoelectric  (TE)  materials  with  improved  figures-of-merit  in 
different  forms  of  nano  bulk  [8—11],  complex  structures  [9,12-14], 
superlattices  [15-17],  or  low  dimensional  forms  [18].  However, 
there  has  been  much  less  attention  given  to  the  development  of 
high  efficiency  thermoelectric  devices  [19-21].  Recently,  there  has 
been  increasing  interest  in  taking  advantage  of  the  thermoelectric 
effect  to  replace  the  mechanical  engine  in  a  solar  thermal  cell  [22- 
26].  The  first  solar  thermal  cell  integrated  with  a  TE  generator  was 
suggested  in  1954  by  Telkes  [27  .  With  a  flat  radiation  absorber  as 
illustrated  in  Fig.  1,  efficiencies  of  0.63%  and  3.35%  were  achieved 
without  and  with  a  solar  concentrator,  respectively.  This  and 
several  subsequent  solar  TE  cells  mainly  suffered  from  low  effi¬ 
ciency  due  to  ambient  heat  convection  [28-30].  It  was  recently 
shown  that  with  an  evacuated  enclosure  the  efficiency  of  the 
conventional  solar  TE  generator  can  be  increased  to  approximately 
5%  [24,26].  As  it  will  be  discussed,  several  major  non-ideal  heat 
transfer  effects  exist  in  such  conventional  solar  TE  devices  that  are 
limiting  their  efficiency. 
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100  pm  has  many  technical  barriers  and  is  too  expensive  to  make  a 
viable  technology.  We  introduce  and  discuss  an  alternative 
approach  based  on  planar  TE  device  structure  to  overcome  the 
requirement  for  growing  thick  films.  The  design  rules  followed  in 
this  study  are  universal  and  can  be  flexibly  applied  to  other  appli¬ 
cations  with  a  variety  of  thin  film  thermoelectric  materials  utilized 
in  similar  structural  designs. 

2.  Methodology  and  analytical  calculations 

2.1.  Device  configuration 


Fig.  1.  Schematic  of  a  conventional  vertical  solar  TE  device. 

A  solar  TE  device  may  be  made  either  by  bulk  or  thin  film  TE 
elements.  Bulk  solar  TE  devices,  compared  with  the  thin  film 
design,  havebeen  more  commonly  pursued  mainly  due  to  their  ease 
of  fabrication  for  proof  of  concept  demonstration  and  higher  effi¬ 
ciency  of  the  TE  generator  when  fabricated  from  bulk  materials 
[23,24,26,27,31].  However,  thin  film  devices  use  significantly  less 
material  and  can  be  manufactured  with  conventional  micro¬ 
fabrication  techniques  [17,32,33].  Therefore,  they  are  more  cost 
effective  for  large-scale  production.  In  addition,  their  smaller 
weight  would  reduce  the  cost  of  assembly  and  installation  in  the 
field.  However,  TE  devices  require  significantly  thicker  films  than 
typical  electronic  devices  to  work  efficiently,  which  is  difficult  and 
costly  to  achieve  using  the  conventional  vacuum  deposition  tech¬ 
niques  [34,35]. 

Micro-fabrication  techniques  for  batch  processing  of  thermo¬ 
electric  devices  have  primarily  suffered  from  low  fabrication  yield 
and  poor  metal  contact  that  have  road  blocked  thermoelectric  ap¬ 
plications  such  as  solar  power  generation.  In  particular,  thin  film  TE 
device  structures  suffer  from  several  technical  issues  that  would 
require  their  re-design  for  solar  TE  application.  In  brief,  there  are 
two  efficiency  limiting  factors  in  a  thin  film  TE  device.  The  first 
limitation  is  related  to  the  high  conductivity  of  most  TE  materials, 
which  makes  the  device  sensitive  to  the  contact  resistances.  The 
ohmic  contact  resistance  (Roc)  must  be  small  compared  to  the 
resistance  of  the  TE  element  (Rje),  i.e.  ^oc<^te  [36,37].  This  con¬ 
dition  dictates  l  »  Poc/pte,  in  which  l  is  the  length  of  the  TE  device, 
Poc  is  the  specific  ohmic  contact  resistance,  and  pTE  is  the  resistivity 
of  the  TE  material.  Since  TE  materials  are  usually  highly  doped  to 
degenerate  level,  pte  is  small  typically  in  the  range  of 
Pte  <  10  3  Q  cm.  For  a  typical  contact  resistance  of  10-6  Q  cm2  [36], 
this  requires  l »  10  pm.  Therefore,  thin  films  in  the  range  of 
100  pm  thick  are  desired  to  make  efficient  TE  devices  [34].  Growing 
such  thick  films  with  vacuum  deposition  techniques  is  often  very 
expensive  and  time  consuming. 

The  second  limitation  is  related  to  the  required  large  tempera¬ 
ture  difference  AT  between  the  hot  side  and  cold  side  of  the  device. 
This  condition  results  from  solving  the  heat  transfer  equations  for  a 
solar  TE  device  [38].  One  can  increase  the  A T  by  increasing  the 
thermal  resistance  of  the  TE  device  and/or  increasing  the  incoming 
thermal  energy.  To  increase  the  thermal  resistance  for  a  given  TE 
material,  a  large  length  to  cross-section  area,  I/A,  is  desired,  in 
which  A  is  the  cross-section  area  of  the  TE  element. 

To  increase  the  incoming  thermal  energy,  one  may  (a)  increase 
A,  or  (b)  use  a  large  radiation  absorber  connected  to  the  TE  element, 
or  (c)  use  a  concentrator  to  focus  the  solar  insolation  on  the  TE 
device,  (a)  Is  not  wanted  as  it  would  decrease  the  I/A  and  reduce  the 
AT.  However,  (b)  or  (c)  can  both  be  adopted  for  optimizing  a  solar  TE 
device.  We  will  discuss  the  methods  based  on  (b)  and  (c)  in  this 
manuscript. 

To  increase  the  length  I  in  a  conventional  vertical  TE  device,  one 
has  to  grow  thick  films.  However,  thick  film  growth  in  the  range  of 


The  energy  balance  in  a  solar  thermoelectric  convertor  is 
schematically  shown  in  Fig.  2.  The  efficiency  of  the  energy  con¬ 
version  can  be  roughly  divided  into  the  product  of  two  terms: 

V  =  Vsa(Ts,  Ty[)riTE(Ty{,Tc) 

The  first  term  pSA  is  the  thermal  efficiency  that  measures  the 
effectiveness  of  solar  photons  (with  characteristic  temperature  at 
the  surface  of  the  sun  Ts)  in  raising  the  temperature  of  the  hot 
junction  (Th)  of  the  devices.  Obviously  all  mechanisms  of  heat 
losses  from  the  solar  collector  or  from  the  thermoelectric  devices  to 
the  ambient  and  the  cold  side  of  the  cell  will  reduce  this  term.  The 
second  term  pte  is  the  efficiency  of  the  thermoelectric  device  when 
the  hot  and  cold  junction  temperatures  are  TH  and  Tc,  respectively. 
The  theoretical  energy  conversion  efficiency  pte  of  a  thermoelectric 
device  depends  on  the  material  figure-of-merit  (ZT),  and  is  given 
by: 


VTE  =  (i-^] 

/TE  v  W  TTTzT  +  Tc/T'h 


(2) 


where  ZT  =  S2g/k-T 

Here  S  is  the  Seebeck  coefficient,  a  is  electrical  conductivity,  and 
k  is  the  thermal  conductivity  of  the  material.  T  is  the  average 
temperature.  The  thermal  efficiency  depends  on  various  heat  loss 
mechanisms,  particularly  the  radiation  and  convection  losses  from 
the  surfaces  of  the  solar  thermal  collector  and  of  the  TE  elements. 
Efficient  solar  TE  energy  conversion  requires  significant  reduction 
in  both  heat  loss  sources  as  the  efficiency  increases  with  the  tem¬ 
perature  gradient  between  the  two  junctions. 

In  order  to  reduce  the  parasitic  heat  losses  through  convection, 
which  reduces  the  temperature  gradient,  operation  of  the  device  in 
a  vacuum  package  that  encapsulates  the  module  is  necessary.  In 
order  to  reduce  radiation  heat  losses,  the  thermal  collector  and  the 
cold  surface  of  the  device  are  coated  with  spectrally  selective  ma¬ 
terials.  In  this  configuration,  solar  energy  is  absorbed  by  a  spectrally 
selective  surface  that  has  a  high  absorptivity  to  solar  spectrum  but  a 
low  emissivity  at  its  temperature  of  operation.  The  cold  side  of  the 
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Fig.  2.  Schematic  of  energy  balance  in  a  solar  TE  convector. 
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TE  element  is  also  coated  with  highly  reflective  surface  at  infrared 
and  near  infrared  spectrum.  In  order  to  enhance  the  energy  con¬ 
version  efficiency,  the  direction  here  is  to  increase  the  temperature 
gradient  across  the  device.  In  such  a  configuration  the  absorbed 
heat  is  enforced  to  create  a  large  temperature  gradient  across  the  TE 
elements. 

2.2.  Efficiency  of  the  solar  TE  generator 

In  order  to  address  the  technological  barriers  in  making  high 
efficiency  solar  TE  devices  in  the  conventional  design,  we  consid¬ 
ered  a  vertical  solar  TE  module.  It  consists  of  one  n-type  and  one  p- 
type  TE  leg,  which  are  electrically  in  series  and  thermally  in  parallel. 
The  configuration  can  be  different,  but  it  does  not  change  the  basic 
arguments.  Also,  for  simplicity  we  assume  that  the  legs  have  similar 
electrical  {a)  and  thermal  (k)  conductivities.  The  Seebeck  coefficient 
for  the  n-type  leg  is  Sn  and  for  the  p-type  leg  is  5P.  The  efficiency  of 
this  solar-driven  TE  generator  can  be  written  as: 

_  Output  electric  power  _  ISnp(TH  -  Tc)  -  2 12R 
^  ~  Input  solar  power  ~  Aaiflsoiar 

where  I  is  the  current,  and  Snp  =  Sp-Sn.  R  =  (1/<7)(1/ATE)  is  the 
resistance  of  the  TE  leg,  where  1  and  ATe  are  the  length  and  cross- 
section  area  of  the  TE  legs,  respectively.  Acoi  is  the  collector  sur¬ 
face  area,  and  qs  is  the  solar  power  per  unit  area.  Our  goal  is  to 
optimize  the  device  for  maximum  efficiency.  Fig.  3  shows  the  en¬ 
ergy  balance  in  this  solar  TE  cell.  The  energy  balance  at  equilibrium 
with  collector  plate  as  the  control  volume  is: 

d£ 

—  Qin  +  Qref2  +  Qref3  —  Qra  —  Qrc  —  Qp  —  Qc  +  Qj  +  Qoc  =  0 

(4) 

The  incoming  radiation  is  the  solar  radiation  qsoiar  multiplied  by 
the  transmissivity  of  the  cap  rg  and  by  the  absorption  coefficient  of 
the  collector  ac oi-  i.e.  Qin  =^cofigaCoiqsoiar. 

The  reradiated  heat  from  the  upper  surface  of  the  collector  to 
the  ambient  Qra  and  from  its  lower  surface  to  the  substrate  QrC  is 
given  by: 
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Fig.  3.  Schematic  of  the  energy  balance  in  a  vertical  solar  TE  cell.  Qs’.  solar  energy,  Qrefi : 
reflection  from  the  cell  to  ambient,  Qj-eo:  reflection  from  the  cell  to  the  collector,  Qrefi: 
reflection  from  the  cold  surface,  and  Qj-a:  radiation  heat  to  ambient. 


Qra  =  Q°/(l  -  rcenn)  and  Qrc  =  Q°/(l  -  rsr2)  (5) 

where  Q°  =  Aco|£l<r(r4  -  T4mb)  and  Q°  =  AcoIe2<r(T <  -  Tc4).  The 
reflected  heat  from  the  cell  Qref2  and  the  substrate  O^b  is  given  by: 

0ref2  =  QraWO  "  rce||'', )  and  Qref3  =  Q&rs/(1  “  Wl)  (6) 

Here,  rceii,  rs,  ri,  and  r2  are  the  reflectivity  of  the  cell,  substrate, 
collector  top  surface,  and  collector  bottom  surface  for  the  incident 
thermal  energy,  respectively.  e\  and  e\  are  the  emissivity  of  the  top 
and  bottom  sides  of  the  collector,  respectively.  Qc  is  the  heat  con¬ 
duction  through  the  TE  legs,  which  includes  both  the  joule  heating 
and  the  conduction  from  the  hot  side  to  the  cold  side: 


(7) 

Qp  is  the  Peltier  heat  that  can  be  estimated  by 
Qp  =  2/(Sp  -  Sn)TH-  Qj  is  the  joule  heating  of  the  TE  legs,  and  QoC  is 
the  joule  heating  of  the  contact  resistance  estimated  by  QoC  =  pod 
Ate.  Therefore,  the  energy  balance  equation  can  be  written  as: 


Sdd H^^Te)  —  ^coHg^colQsolar  ^colel  ^amb) 

X  (1  —  fcell)/ (1  —  ^cellrl)  —  ^col^^  x  (Tr  ~  Tc  ^ 

x(l-rs)/(l-rsr2)-2/(Sp-Sn)TH-2^(rH-rc) 


+lZaATE+Ajl  ° 


(8) 


where  g  is  the  Lagrange  multiplier,  poc  (Qcm2)  is  the  ohmic  contact 
resistance.  In  order  to  maximize  the  cell  efficiency  given  by  Eq.  (3), 
we  used  the  Lagrange  multiplier  method  with  Eq.  (8)  as  the 
constraint.  Numerical  solutions  of  the  resulting  equations  will  give 
us  the  optimum  values  of  the  current  /,  hot  side  temperature  TH,  and 
the  collector  area  Ate-  We  have  ignored  the  thermal  radiation  from 
the  TE  legs  due  to  their  small  surface  area.  We  have  also  ignored  the 
blocking  of  the  substrate  or  the  collector  radiations  by  the  TE  legs 
for  a  similar  reason.  We  intend  to  estimate  attainable  efficiency 
with  the  assumption  that  the  cell  is  made  of  the  commonly  avail¬ 
able  materials.  We  have  verified  this  model  for  a  vertical  configu¬ 
ration  as  in  Fig.  1  and  compared  it  with  Telkes’s  [27]  and 
Lidorenko’s  [29]  experimental  data.  We  assume  that  the  TE  mate¬ 
rial  used  in  that  cell  has  a  realistic  ZT  of  one  with  Sn  =  -210  pV/K 
and  Sp  =  220  pV/K  that  correspond  to  typical  values  for  Bi2Te3 
based  thermoelectric  alloys.  The  solar  radiation  is  assumed  to  be 
the  standard  value  of  1000  W/m2  which  is  typical  value  for  a  sunny 
day  in  the  summer  time.  The  cold  side  temperature  is  assumed  to 
be  fixed  at  300  K. 

The  result  is  shown  in  Fig.  4.  The  absorption  and  emission  co¬ 
efficients  of  the  high  absorptive  and  low  emitting  thermal  collector 
surface  are  assumed  to  be  0.95  and  0.05,  respectively,  in  accordance 
to  many  available  materials  for  this  purpose.  As  for  the  ohmic 
contact  resistance,  we  assumed  a  practical  value  of  1CT6  Q  cm2.  The 
cell  is  made  of  glass  with  Tceii  =  0.9,  and  a  copper  thermal  collector 
with  high  absorption  coating  on  the  top  surface  with  a  =  0.95.  The 
emissivity  of  the  substrate  and  both  sides  of  the  collector  are 
assumed  to  be  ~0.03  (i.e.  e\  =  £2  =  £3  =  0.03).  In  this  device,  the 
thermal  reflection  from  all  surfaces  is  negligible  and  ignored  in  the 
calculations.  A  maximum  efficiency  of  3.9%  is  predicted  for  this 
device  when  the  cross-section  area  of  the  TE  leg  is  about  2.2  mm. 
This  predicted  optimum  efficiency  is  in  agreement  with  the  order  of 
the  measurements  by  Lidorenko  (i.e.  3.7%).  It  is  seen  that  there  is  an 
optimum  size  for  the  cross-section  area  of  the  TE  leg.  A  small  cross- 
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Fig.  4.  Model  calculation  for  the  optimum  efficiency  of  a  conventional  solar  TE  cell 
(Fig.  1).  The  experimental  data  of  two  devices  are  shown  for  comparison. 


section  area  would  increase  the  temperature,  hence  the  radiation 
loss.  On  the  other  hand,  a  larger  cross-section  area  would  increase 
the  thermal  conduction  between  the  hot  and  cold  side  resulting  in 
smaller  AT  (i.e.  Th  -  Tic),  which  in  turn  would  reduce  the  efficiency. 
That  explains  that  there  is  an  optimum  size  for  the  TE  leg.  Here  we 
have  assumed  one  TE  element,  where  a  TE  element  is  made  from 
two  TE  legs,  one  n-type  and  one  p-type.  Increasing  the  number  of 
TE  elements  has  same  result  as  increasing  the  cross-section  area. 

The  efficiency  as  shown  in  Fig.  4  is  obviously  too  small  to  be  of 
significant  practical  use  compared  to  the  state-of-the-art  PV  cells.  It 
will  be  discussed  in  the  following  sections  how  the  efficiency  can  be 
increased  by  modifying  the  device  structure. 

2.3.  Vertical  structure  -  chip  scale  challenges 

For  chip  scale  batch  processing  of  the  solar  TE  unit  cells  one 
would  desire  to  scale  down  the  sizes  to  micro-scale.  However,  as 
discussed  before,  reducing  the  size  introduces  new  complexities  in 
terms  of  contact  resistance  and  the  aspect  ratio  {l  I  A)  that  can 
further  limit  the  efficiency.  This  is  also  the  main  reason  for  low 
efficiency  of  the  solar  thermoelectric  generators  based  on  bulk 
thermoelectrics  as  the  device  mechanical  integrity  dictates  a  limit 
for  maximum  //A  [24,26]. 

2.3 A.  Ohmic  contact  resistance 

In  order  to  demonstrate  the  effect  of  Ohmic  contact  resistance, 
we  considered  a  similar  structure  as  in  Fig.  1,  but  scaled  down  the 
sizes  to  micro-scale.  The  result  is  shown  in  Fig.  5.  A  significant  drop 
in  efficiency  is  observed  with  maximum  efficiency  of  only  ~1.4% 


Fig.  5.  Model  calculation  for  the  optimum  efficiency  of  a  micro-scale  version  of  the 
conventional  solar  TE  cell  shown  in  Fig.  4. 


for  the  micro-scale  device.  This  is  mainly  due  to  the  ohmic  contact 
resistance  between  the  metal  contact  and  the  TE  device.  We 
assumed  a  typical  value  of  10  6  Q  cm2  for  the  ohmic  contact 
resistance.  It  is  generally  true  that  most  thin  film  TE  devices  suffer 
from  the  energy  loss  due  to  the  ohmic  contact  resistance  [37].  This 
is  because  TE  materials  are  often  highly  doped  resulting  in  their 
small  electrical  resistivity  compared  with  conventional  electronic 
materials.  While  the  resistance  of  the  TE  device  reduces  with  its 
length,  the  ohmic  contact  resistance  is  not  a  function  of  the  length. 
In  a  TE  thin  film  where  the  thickness  is  a  few  microns,  the  electrical 
resistance  of  the  TE  device  can  be  comparable  to  (or  even  smaller 
than)  the  ohmic  contact  resistance.  Hence,  the  energy  loss  in  the 
contact  is  comparable  to  (or  larger  than)  the  loss  in  the  TE  material, 
which  can  limit  the  efficiency. 

2.3.2.  Large  aspect  ratio 

While  it  is  possible  to  scale  every  size  down  to  micro-scale,  the 
thin  film  often  has  a  maximum  practical  thickness  (i.e.  approxi¬ 
mately  a  few  microns)  as  it  is  rather  expensive  or  impractical  to 
grow  tens  of  microns  of  TE  film  with  vacuum  deposition  tech¬ 
niques.  For  a  practical  3  pm  thick  film,  the  optimum  TE  size  is  about 
1.8  pm  x  1.8  pm  for  the  given  collector  area  of  1.3  mm  x  1.3  mm. 
One  obvious  shortcoming  is  that  the  aspect  ratio  is  rather  large 
(Acoi/Ate  ~5x105).  A  smaller  collector  area  results  in  smaller 
temperature  difference  for  a  given  solar  power  that  would  reduce 
the  efficiency.  Therefore,  the  relative  size  of  the  collector  area  and 
the  cross-section  area  of  the  TE  leg  sets  the  efficiency  for  the  given 
material  properties  and  solar  power. 

Therefore,  the  large  ohmic  contact  resistance  and  the  aspect 
ratio  set  a  limitation  on  the  efficiency  of  a  vertical  micro-scale  solar 
TE  cell.  In  the  following,  we  design  a  planar  cell  that  allows  for  this 
limitation  to  be  resolved.  We  will  also  discuss  methods  to  further 
enhance  the  efficiency. 

3.  Planar  design  for  solar  TE  cell 

In  our  design  for  a  planar  solar  TE  cell,  unlike  the  majority  of  the 
TE  converters,  the  hot  junction  is  in  the  same  plane  as  the  cold 
junction.  Fig.  6a  and  b  demonstrates  two  configurations  of  this  cell 
with  two  different  approaches  to  increase  AT  across  a  TE  element. 
In  Fig.  6(al)  and  (a2)  a  radiation  absorber  platform  is  raised  above 
the  surface  of  the  substrate  in  an  attempt  to  maximize  the  fill- 
factor.  In  Fig.  6(bl)  and  (b2)  a  Fresnel  lens  is  used  to  concentrate 
the  IR  radiation  on  the  TE  hot  junction.  We  will  discuss  the  first 
design  in  detail  in  the  next  section  and  leave  out  the  second  design 
for  future  studies.  Both  methods  would  improve  the  AT  across  the 
TE  elements.  In  such  designs  the  incident  radiation  will  mostly  be 
absorbed  by  the  absorbing  area,  which  is  the  hot  junction  of  the  TE 
device,  without  the  electrical  connections  receiving  the  radiation. 
In  the  first  design,  Fig.  6a,  the  IR  absorber  is  made  of  materials  with 
high  thermal  conductivity,  low  density,  high  IR  absorption  coeffi¬ 
cient  and  small  thickness  ( ~  1  pm).  The  absorber  is  connected  to 
the  TE  junction  which  is  the  hot  side  of  the  device.  If  the  cross- 
section  area  of  TE  elements  is  too  small  to  support  the  weight  of 
the  absorber,  the  void  region  under  the  TE  elements  can  be  filled 
with  an  insulating  material.  A  good  insulating  material  is  Parylene 
for  its  ultra-small  thermal  conductivity  (~0.08  W/mK)  and  chem¬ 
ical  stability  up  to  350  °C  [39].  Several  TE  arms  connect  the  hot 
junction  to  the  cold  junction.  The  number  of  TE  arms  placed  in 
series  can  be  optimized  versus  the  electrical  and  thermal  material 
properties.  To  further  enhance  the  efficiency,  the  arms  are  turned 
around  the  suspended  membrane  to  create  a  longer  path  and 
consequently  to  lower  the  thermal  conductance  while  spanning 
over  a  small  area,  which  would  increase  the  AT  across  the  TE 
element.  This  way  the  device  can  be  reduced  in  size,  resulting  in  a 
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Fig.  6.  (al)  and  (a2)  Schematic  of  the  planar  solar  TE  device  with  a  thermal  collector.  The  energy  balance  is  also  shown  with  Qs:  solar  energy,  Qren:  reflection  from  the  cell  to 
ambient,  Qreo:  reflection  from  the  cell  to  the  collector,  Q^:  reflection  from  the  cold  surface,  Qra:  radiation  heat  to  ambient,  QrC:  radiation  heat  to  the  cold  surface,  Qp:  Peltier  heat, 
Qc'  conducted  heat,  Qoc '  ohmic  contact  joule  heat,  (bl)  and  (b2)  Schematic  of  the  planar  solar  TE  with  a  concentrator. 


smaller  overall  package  and  a  lower  cost  while  maintaining  a  large 
temperature  gradient  for  enhanced  efficiency. 

This  planar  design  possesses  several  attractive  features:  First, 
unlike  the  vertical  design  where  the  length  of  the  TE  element  is 
equal  to  the  thickness  of  the  film  [27,28],  the  TE  element  length  in 
the  planar  design  can  be  flexibly  varied  independent  from  the 
thickness.  This  feature  is  especially  important  in  thin  film  ther¬ 
moelectric  devices  where  increasing  the  thickness  of  the  film  is 
usually  impractical  beyond  a  relatively  small  value  (few  microme¬ 
ters).  This  design  allows  forming  the  TE  element  with  virtually  no 
limit  on  the  length.  For  example  lengths  of  several  100pm  are 
achievable  (as  opposed  to  a  vertical  design  that  is  practically  limited 
to  a  few  microns).  This  will  significantly  reduce  the  deteriorating 
effect  of  the  ohmic  contact  resistance  on  efficiency.  Hence,  this  cell 
offers  similar  efficiencies  as  in  Fig.  4;  moreover,  it  would  result  in  a 
more  practical  aspect  ratio  (e.g.  Acoi/Ate  ~  1500  for  300  pm  long  TE 
leg).  Such  a  large  aspect  ratio  is  not  practically  achievable  in  solar 
thermoelectric  generators  based  on  bulk  structures  [26]. 

Second,  deposition  and  patterning  of  both  n-  and  p-type  TE 
layers  can  be  easily  done  using  conventional  fabrication  or  printing 
techniques  since  the  TE  layers  are  thin  and  patterning  of  one  layer 
would  not  disrupt  the  next  patterning  step. 

3.1  Spectrally  selective  coatings 

In  order  to  improve  the  efficiency  of  the  planar  TE  cell  beyond 
the  levels  achievable  through  implementing  planar  TE  legs,  the 
properties  of  spectrally  selective  coatings  in  this  cell  can  be  utilized. 

As  discussed,  ideally  one  would  like  the  solar  radiation  to  be 
exclusively  absorbed  on  the  collector  and  the  heat  to  only  be 


conducted  through  the  TE  device.  Any  other  thermal  path  is  unfa¬ 
vorable  and  would  reduce  the  efficiency  [37].  The  vacuum  encap¬ 
sulation  reduces  the  convection  losses  from  the  collector.  When  the 
cell  is  evacuated,  the  energy  from  the  collector  is  lost  mainly 
through  radiation  either  to  the  ambient  or  to  the  substrate.  To 
further  reduce  these  losses,  the  transparent  cap  and  the  substrate 
can  be  coated  with  spectrally  selective  coatings  which  reflect  the 
thermal  radiation.  In  addition,  the  coating  material  used  on  the  cap 
has  to  be  transparent  to  the  solar  spectral  range.  There  have  been 
great  advances  in  window  technology  to  substantially  reduce 
thermal  radiation  losses  [40].  Today,  many  windows  are  manufac¬ 
tured  with  glasses  which  carry  spectrally  selective  coatings  that 
transmit  solar  radiation  and  reflect  the  outgoing  thermal  radiation. 
Such  coatings  greatly  reduce  the  heat  losses  through  radiation, 
which  account  for  two-thirds  of  heat  transfer  through  a  double- 
glazed  window.  The  coatings  have  a  high  reflectance  in  the  ther¬ 
mal  infrared  (IR)  spectrum  and  a  high  transmittance  to  the  solar 
photons.  Most  coatings  are  either  (1)  a  material  with  the  desired 
intrinsic  properties  such  as  doped  oxides  of  tin  or  indium,  which 
are  wide  bandgap  semiconductors  and  by  adjusting  the  dopant 
level,  one  can  tune  the  cutoff  wavelength  between  transmittance 
and  reflectance,  or  (2)  a  combination  of  several  materials  such  as 
thin  films  of  nobel  metals,  especially  silver,  to  achieve  the  desired 
performance.  These  coatings  can  be  made  highly  transparent  to 
visible  radiation,  but  remain  reflective  in  the  thermal  range. 

We  now  consider  the  planar  micro-scale  cell  as  shown  in  Fig.  6 
and  apply  the  spectrally  selective  coatings  on  the  inner  surface  of 
the  vacuum  caps.  No  concentrator  is  used  and  the  new  configura¬ 
tion  is  modeled  while  all  the  properties  are  kept  the  same  as  before 
(previous  section)  and  only  a  single  layer  silver  coating  on  the 


L  Tayebi  et  al.  /  Renewable  Energy  69  (2014)  166-173 


171 


Fig.  7.  (a)  The  efficiency  and  (b)  the  collector  temperature  of  the  proposed  planar  solar  TE  cell  versus  figure-of-merit,  IT.  Standard  solar  insolation  of  1000  W/m2  is  assumed. 


transparent  cap  and  a  double  metal  layer  coating  on  the  substrate 
are  considered.  We  assume  the  following  values  for  the  optical 
properties  of  these  layers,  which  are  extracted  from  the  experi¬ 
mental  data  in  the  literature  [37]: 

(1)  The  transmission  coefficient  of  the  cell  cap  Tceii  =  0.83; 

(2)  The  thermal  energy  reflectivity  of  the  cap  coating  rceii  =  0.85; 
and 

(3)  The  thermal  energy  reflectivity  of  the  substrate  coating 
rs  -  0.95. 

Here  the  high  temperature  selective  surface  of  C0-AI2O3  is 
considered  for  the  thermal  collector.  The  absorption  coefficient,  a:coi 
and  emissivity,  e  of  the  collector  are  updated  with  aco\  =  0.94  and 
e\  =  e\  =  0.04  which  correspond  to  those  of  Co-Al203appropriate  for 
high  temperature  applications  (T  -500  °C)  [41]. 

Our  model  calculations  show  that  the  efficiency  of  the  proposed 
solar  TE  cell  is  significantly  enhanced  as  shown  in  Fig.  7a.  A  cell 
efficiency  of  about  12.6%  is  predicted  even  for  the  ZT  of  one.  There 
are  three  TE  elements  electrically  in  series  and  thermally  in  parallel 
in  this  device.  Each  element  consists  of  one  n-  and  one  p-type  TE  leg 
making  a  junction  at  the  thermal  collector.  The  collector  surface 
area  is  chosen  to  be  150  pm  x  150  pm  in  order  to  obtain  a  reason¬ 
able  size  for  the  twoTE  legs.  We  assumed  thermoelectric  properties 
close  to  those  of  PbTe  alloys,  i.e.  S  =  200  pV/K,  k  =  1.5  W/mK  and 
a  =  470  S/cm  at  ZT  =  1  for  both  n-  and  p-types.  For  other  values  of 
ZT,  the  electrical  conductivity  was  changed  accordingly  while 
keeping  the  other  parameters  constant.  The  optimum  size  of  each 
TE  leg  for  this  cell  is  1  pm  (H)  x  15  pm  (W)  x  300  pm  (L).  If  we  use  a 
different  collector  size,  the  optimum  cross-section  area  of  the  TE  leg 
would  be  different,  but  the  maximum  attainable  efficiency  is  not 


Max: 

Boundary  Temperature  (K)  774.569 


Min: 

299.967 


affected.  The  efficiency  of  the  proposed  solar  TE  energy  conversion 
can  be  further  improved  by  using  more  efficient  TE  materials  as 
they  become  commercially  available.  A  conversion  efficiency  of 
over  20%  can  be  realized  assuming  availability  of  TE  material  with 
ZT— 3.  The  main  reason  for  achieving  such  enhancement  in  the 
efficiency  is  due  to  (1)  the  better  thermal  management  that  the 
proposed  structure  offers  resulting  in  large  temperature  gradient 
across  the  TE  leg  (AT >  500  °C)  as  shown  in  Fig.  7b,  and  (2)  reducing 
the  effect  of  the  ohmic  contact  resistance  by  making  long  TE  de¬ 
vices  in  a  planar  structure. 

3.2.  Finite  element  analysis 

In  order  to  confirm  the  results  of  the  one-dimensional  analytical 
models,  we  have  solved  the  heat  transfer  equation  for  the  three- 
dimensional  structure  using  finite  element  method  in  COMSOL. 
Heat  conduction  in  all  segments  and  radiation  from  and  to  all  the 
surfaces  are  considered  in  this  analysis.  The  solution  for  the  tem¬ 
perature  distribution  in  the  structure  is  shown  in  Fig.  8.  It  was 
observed  that  for  a  1000  W/m2  and  400  W/m2  solar  radiation, 
temperature  differences  of  approximately  474  °C  and  315  °C  exist 
across  the  TE  legs,  respectively.  Fig.  9  shows  the  calculated  tem¬ 
perature  difference  versus  the  solar  radiation  power  density.  It  is 
observed  that  the  temperature  difference  increases  rapidly  at  lower 
solar  radiation  and  the  rate  of  increase  reduces  as  the  solar  radia¬ 
tion,  hence  the  temperature,  increases.  This  can  be  associated  with 
the  increase  of  the  radiation  loss  as  the  temperature  increases. 
While  we  had  ignored  the  radiation  loss  from  the  thermoelectric 
elements  in  the  one-dimensional  study  presented  in  the  previous 
section,  in  the  finite  element  analysis  the  radiation  loss  is  taken  into 
account  from  all  the  surfaces  including  the  thermoelectric 
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299.91 


Fig.  8.  The  simulated  temperature  distribution  when  the  collector  is  receiving  (a)  1000  W/m2  and  (b)  400  W/m2solar  radiation.  The  simulation  confirms  that  the  AT  ~  475  °C  and 
315  °C  are  achievable,  respectively. 
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Fig.  9.  Three-dimensional  finite  element  analysis  of  the  temperature  difference 
(symbols)  versus  solar  radiation  power  density.  Solid  line  shows  the  data  from  one¬ 
dimensional  analysis. 

elements.  This  can  explain  the  small  temperature  difference 
calculated  from  the  finite  element  analysis  compared  with  the  one¬ 
dimensional  method. 

3.3.  Efficiency  in  different  weather  conditions 

Part  of  the  solar  radiation  entering  the  earth’s  surface  is  absor¬ 
bed,  reflected,  or  scattered  by  the  earth’s  atmosphere  and  the 
clouds.  Therefore,  part  of  the  global  radiation  on  the  earth  is  direct 
and  some  is  diffusive.  The  distinction  is  important  as  while  some  PV 
systems  (flat-plate  systems)  can  use  both  forms  of  light,  concen¬ 
trator  systems  that  are  often  more  efficient  can  only  use  direct  light. 
Optics  cannot  capture  the  diffuse  light;  hence,  in  cloudy  weather 
conditions  the  efficiency  of  the  concentrated  PV  system  is 
dramatically  reduced.  Non-concentrated  PVs  accept  both  direct  and 
diffuse  light,  but  the  energy  produced  from  the  direct  light  is 
significantly  higher.  Compared  to  concentrated  PVs,  they  have 
higher  solar  cell  cost  due  to  their  larger  area,  but  save  on  the  cost  of 
the  optics  for  concentration.  Like  in  concentrated  PVs,  tracking 
systems  are  also  often  used  in  non-concentrating  PVs  to  enhance 
the  efficiency.  However,  in  low-light  or  non-direct  conditions  like 
cloudy  skies,  non-concentrating  PVs  usually  suffer  a  cutout  when 
charge  carrier  mobility  is  low  and  recombination  becomes  a  major 
issue.  The  tracker  would  waste  energy  under  such  conditions.  A 
solar  TE  converter,  on  the  other  hand,  uses  the  global  radiation  (i.e. 
both  direct  and  diffuse)  and  has  zero  or  very  low  cutout  level  and  is 
more  appropriate  for  the  regions  that  have  more  cloudy  weather 
throughout  the  year.  Table  1  shows  the  calculated  efficiency  of  the 
proposed  cell  for  different  weather  conditions.  It  is  seen  that  even 
in  a  100%  diffuse  light  condition,  the  cell  is  still  functional.  While 
the  efficiency  of  a  concentrated  PV  can  be  very  small  in  a  100% 
cloudy  sky  [42]  the  efficiency  of  the  solar  TE  converter  is  only  about 
half  of  its  efficiency  in  a  sunny  day. 

The  proposed  solar  thermoelectric  cell  is  not  intended  to  sur¬ 
pass  the  efficiency  of  the  best  solar  cells.  The  main  advantage  of  the 
proposed  cell  is  that  it  can  convert  light/heat  to  electricity  over  a 
larger  portion  of  the  day  and  in  diverse  climates  over  the  year.  A 
solar  cell  practically  generates  electricity  for  about  five  hours 


Table  1 

Efficiency  of  the  proposed  solar  TE  cell  at  different  weather  conditions. 


Solar  radiation 

Cloudless 
blue  sky 

Misty,  cloudy,  sun  visible 
as  yellowish  disc 

Cloudy 

sky 

Global  radiation  (W/m2) 

600-1000 

200-400 

50-150 

Diffuse  radiation  (%) 

10-20 

20-80 

80-100 

Efficiency  for  ZT  =  1  (%) 

9.9-11.6 

6.7— 8.7 

3.4— 5.9 

Efficiency  for  ZT  =  3  (%) 

16.8-19.2 

11.8-14.9 

6.4-10.6 

during  the  day  when  there  is  sufficient  sunlight.  During  the  winter 
time,  in  cloudy  weather,  or  in  regions  were  direct  sunlight  is 
limited,  solar  cells  become  very  inefficient.  However,  a  solar  ther¬ 
moelectric  cell  can  operate  with  moderate  efficiency  on  diffusive 
sunlight.  It  should  be  noted  that  since  the  global  radiation  under 
these  conditions  is  small,  the  produced  power  would  also  be  small. 
Nevertheless,  the  solar  thermoelectric  cell  can  produce  power  over 
a  longer  period  of  time  compared  with  concentrated  PVs.  This  may 
result  in  lower  average  $/kwh  per  year  which  deserves  further 
study. 

4.  Conclusion 

The  recent  substantial  progress  in  engineering  materials  with 
unprecedented  thermoelectric  (TE)  efficiencies  has  not  yet  evolved 
into  the  emergence  of  thermoelectric  devices  with  sizable  perfor¬ 
mance  improvement.  Thin  film  TE  materials  with  improved  figure- 
of-merit  (ZT)  have  been  developed;  however,  thin  film  TE  devices 
with  improved  efficiency  are  rarely  reported.  This  can  be  attributed 
to  the  complexities  involved  in  the  design  of  a  thin  film  thermo¬ 
electric  device  such  as  the  heat  management  and  component 
configuration,  which  greatly  affect  the  overall  efficiency.  In  this 
manuscript  we  described  a  design  for  a  planar  micro-machined 
thermoelectric  device  in  which  the  hot  junction  is  in  the  same 
plane  as  the  cold  junction.  In  this  design  the  two  major  efficiency 
limiting  factors  of  solar  TE  generators  are  addressed  resulting  in 
dramatic  enhancement  in  efficiency.  These  factors  include  the 
ohmic  contact  resistance  and  the  relative  size  of  the  IR  collector 
area  to  the  TE  cross-section  area.  The  application  of  spectrally  se¬ 
lective  coatings  was  further  studied.  It  was  shown  that  the  spec¬ 
trally  selective  coatings  on  the  transparent  cap  and  the  substrate 
reflect  the  thermal  radiation  reducing  the  parasitic  radiation  heat 
losses.  This  would  significantly  increase  the  temperature  of  the  hot 
junction  and  further  enhance  the  efficiency.  The  predicted  effi¬ 
ciency  for  the  proposed  device  structure  employing  thermoelectric 
materials  with  ZT  in  the  range  of  1.5  is  comparable  with  that  of  the 
state-of-the-art  silicon-based  photovoltaic  (PV)  solar  cells.  This 
makes  the  proposed  thermoelectric  solar  generators  a  great 
candidate  for  sustainable  energy  generation  in  areas  where  the 
climate  is  often  cloudy  and  direct  sunlight  is  not  available.  Ther¬ 
moelectric  generators  also  benefit  from  longer  hours  of  daily 
operation  than  PV  cells.  The  execution  of  the  proposed  solar  TE 
device  structure  is  expected  to  substantially  contribute  to  the 
development  of  a  competitive  technology  based  on  highly  efficient 
and  inexpensive  batch-fabricated  solar  thermoelectric  generators. 
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